Automated solid-phase DNA sequencing was used for determination of partial 16S ribosomal DNA sequences of mycoplasmas. The sequence information was used to establish phylogenetic relationships of 11 different mycoplasmas whose 16S rRNA sequences had not been determined earlier. A biotinylated fragment corresponding to positions 344 to 939 in the Escherichia coli sequence was generated by PCR. The PCR product was immobilized onto streptavidin-coated paramagnetic beads, and direct sequencing was performed in both directions. One previously unclassified avian mycoplasma was found to belong to the Mycoplasma lipophilum cluster of the hominis group. Microheterogeneities were discovered in the rRNA operons of Mycoplasma mycoides subsp. mycoides (SC type), confirming the existence of two different rRNA operons. The 16S rRNA sequence of M. mycoides subsp. capri was identical to that of M. mycoides subsp. mycoides (type SC), except that no microheterogeneities weje revealed. Furthermore, automated solid-phase DNA sequencing was used to identify a mycoplasmal contamination of a cell culture as Mycoplasma hyorhinis, which proved to be very difficult by conventional methods. The results suggest that the direct solid-phase DNA sequencing procedure is a powerful tool for identification of mycoplasmas and is also useful in taxonomic studies.
Mycoplasma is the common name for a group of microorganisms which have been arranged in a separate class, the Mollicutes, because of some unusual phenotypic characteristics, the most important being the lack of a rigid cell wall (32) . However, phylogenetically, the mycoplasmas are closely related to gram-positive bacteria (22, 33) . Mycoplasmas grow in close contact with eukaryotic cells, where they often colonize epithelial linings. Many mycoplasmas are pathogenic and, therefore, of great interest in human and veterinary medicine. More than 100 species (belonging to the following eight genera: Mycoplasma, Ureaplasma, Entomoplasma, Mesoplasma, Spiroplasma, Acholeplasma, Anaeroplasma, and Asteroleplasma [36] ) have been isolated from humans, animals, insects, and plants. The (39) . The fact that the mollicutes are phenotypically very different from other bacteria also makes the phylogenetic data of great interest from an evolutionary standpoint (41) .
The mycoplasmas usually have one or two rRNA operons, and the organization of the operons is sometimes different from that of other prokaryotic microorganisms (32) . Weisburg et al. (39) have sequenced 16S rRNA from almost 50 mycoplasmas and some close relatives, providing a basis for phylogenetic classification. The mycoplasmas were found to cluster in five groups, designated hominis, pneumoniae, spiroplasma, anaeroplasma, and asteroleplasma (the last of which contains only one species, namely,Asteroleplasma anaerobium). The five groups were further subdivided into different clusters named after one representative member (39) .
To facilitate the identification and/or characterization of mycoplasma strains, we describe here a direct sequencing method based on PCR (27) and solid-phase sequencing (14, 15, 38) with paramagnetic beads (20) (13) has been selected. The sequence data were used to determine the taxonomic affiliation of mycoplasma species and strains. Compared with previously described sequencing methods (3, 7, 8, 19) and methods for species identification based on probing (12, 18) , the solid-phase sequencing technique offers several advantages (30) .
MATERIALS AND METHODS
Mycoplasma strains. The mycoplasmas which were used for automated solid-phase sequencing of the 16S rRNA genes are listed in Table 1 . All species were type strains except for Mycoplasma hyopharyngis 538N, which was originally obtained from R. F. Ross and Mycoplasma sp. strain M209/78, which was isolated by Bolske and Morner (2) . The type strain J of Mycoplasma hyopneumoniae was originally obtained from N. F. Friis. Appropriate media for cultivation of mycoplasmas were used (1) .
Synthesis of oligonucleotides. The following oligonucleotides were synthesized by the phosphoramidite technique with an automated DNA synthesis apparatus (Gene Assembler Plus; Pharmacia LKB Biotechnology AB, Uppsala, Sweden) as described by the manufacturer. First, the PCR primers for in vitro amplification of the 16S ribosomal DNA (rDNA) fragment corresponding to the nucleotides between base 334 and base 939 in the 16S rRNA gene of E. coli according to the numbering of the International Union of Biochemistry (4) with the following sequences were constructed: RIT 388, 5'-CGT TGT AAA ACG ACG GCC AGT CCA RAC TCC TAC GGR AGG CAG C-3'; RIT 389, 5'-CCA CAT GCT CCR CCR CTT GTG C-3' (overlapping RIT 390B and only used in the cloning procedure); and RIT 390B, 5'-biotin-CTT GTG CGG GYY CCC GTC AAT TC-3'. Second, we constructed sequencing primers to be used in concert with the A.L.F. (14) .
Sequence analysis. The sequences of 16S rRNA from several mycoplasmas ( Table 1 .
RESULTS
Generality of the method. The principle of the method and its advantages has been described previously (30) . The primers were constructed to amplify a segment of the 16S rRNA gene primarily from mycoplasmas, and by introducing a few wobbling bases, the corresponding segments from all mycoplasmas were amplified.
Comparison with previously published sequences. Partial sequencing of 16S rRNA from five different mycoplasmas which have already been sequenced were chosen to evaluate the method. Two of these were determined by genomic sequencing of DNA, while the other three were determined by direct RNA sequencing (39) . The RNA method often yields ambiguities, which have been resolved by using direct solidphase DNA sequencing. The published M. hyopneumoniae 16S rRNA sequence, which was earlier determined from a DNA template (35) was compared with the sequence obtained by solid-phase DNA sequencing, but no sequence differences were revealed. In contrast, our data from Mycoplasma flocculare, which was previously sequenced from a DNA template, after cloning (34), showed one nucleotide difference. The direct sequencing revealed a stretch of six consecutive A residues in the region starting at position 467 instead of the seven A residues previously reported (34). This observation was confirmed by direct sequencing of rRNA with reverse transcriptase (23) . The sequence comparisons with the published Mycoplasma hyorhinis and Mycoplasma sualvi sequences, obtained by rRNA sequencing (39) , showed complete identity. There were, however, 27 and 13 ambiguities, respectively, in the corresponding region of the published sequences which could not be resolved by the RNA method but were determined by the automated solid-phase sequencing.
Five sequence differences were obtained by comparing the results of the direct genomic sequencing with the deposited sequence of Mycoplasma synoviae, which was determined from a DNA template (26) . Four of these appeared pairwise as TA, in positions 325 to 326, and GC in positions 819 to 820 corresponding to the deposited sequence. These showed up in the reverse order of nucleotides (AT and CG) by solid-phase sequencing. The fifth difference was an ambiguity due to the uncertainty of the sequencing results.
New sequence data. Several species which have not been sequenced before were analyzed by the direct solid-phase approach. Acholeplasma axanthum was found to be most similar to Acholeplasma modicum in the anaeroplasma group, with a partial 16S rRNA similarity of 93.3 (Fig. 1) (13) . Partial sequences of the mycoplasma species which represent the five phylogenetic groups distinguished by 16S rRNA sequencing (39) were obtained from the EMBL data bank and are denoted by asterisks. The sequence of E. coli was used as an outgroup. lipophilum cluster of the hominis group. M. hyophatyngis was in fact most similar to M. lipophilum, with 96% similarity. The Mycoplasma sp. strain M209/78 sequence was 90.9% similar to both the Mycoplasma califomicum and the M. lipophilum sequences. Mycoplasma bovirhinis and Mycoplasma canis were 97.9% similar and found to be very close to the M. lipophilum cluster (Fig. 1) .
The partial 16S rRNA sequences of Mycoplasma canadense and Mycoplasma hyosynoviae were most similar to the corresponding sequences of the mycoplasmas in the Mycoplasma hominis cluster of the hominis group (Fig. 1) similar to Mycoplasma arginini, with 98.9% similarity, and M. hyosynoviae showed a 97.0% similarity to Mycoplasma orale.
Interestingly, the partial 16S rRNA sequence of Mycoplasma ovipneumoniae was found to be most similar to the corresponding sequences of the porcine mycoplasmas M. hyopneumoniae, M. flocculare, and M. hyorhinis (Fig. 1) , with a similarity range of 94.1 to 97.6%. These mycoplasmas belong to the Mycoplasma neurolyticum cluster of the hominis group, and the argument for close relation is supported by results obtained by immunological methods (10) .
The closely related subspecies Mycoplasma nzycoides subsp. mycoides (SC type) and M. mycoides subsp. capri were, as expected, most similar to the members of the M. mycoides cluster of the spiroplasma group (Fig. 1) Fig. 2B and C, and as can be seen, the two clones have the expected sequences which in a mixture will give the results shown in Fig. 2A (Fig. 2D ).
This observation proves that the 16S rRNA operons of these two species, in fact, are different.
Identification of mycoplasmas in cell culture samples. Mycoplasmas are often found as contaminants in cell cultures (25) . A cell culture sample sent to the Mycoplasma Laboratory at the National Veterinary Institute, for mycoplasma screening, was suspected of containing mycoplasmas, but it was not possible to grow the organism in cell-free media and it was therefore not possible to identify the species (37 A. axanthuln clustered with the Acholeplasma species ( Fig.  1) as cxpected. One of the Acholeplasma species (Acholeplasma entomophilum) has earlier been found to cluster in the spiroplasma group (39) , and it has recently been proposed that this species should be reclassified as Mesoplasma entomophilum in a new genus (36) .
All mycoplasmas of the M. mycoides cluster are significant pathogens and of great importance in veterinary medicine. M. mycoides subsp. capri and M. mycoides subsp. mycoides (SC) were found to cluster with M. mycoides subsp. mycoides (LC) in the spiroplasma group as expected (Fig. 1) (9) .
All the other sequenced mycoplasmas were found to cluster in the hominis group (Fig. 1) . M. ovipnelumoniae clustered with some of the porcine mycoplasmas (M. hyopncelunzoniae, M. flocculare, and M. hyorhinis) in the M. neurolyticum cluster (Fig.   1 ). These four species are all glucose fermenters. M. ovipneumoniae, M. hyopneumoniae, and M. flocculare form atypical colonies without a nipple. Furthermore, it has been shown by serological methods that the ovine mycoplasma M. ovipneumoniae is closely related to these porcine mycoplasmas (10) and it is, therefore, not surprising that they cluster together. M. hyosynoviae and M. canadense were found to cluster in the M.
hominis group (Fig. 1 ). These three species are arginine hydrolyzers. M. meleagridis, M. hyopharyngis, M. bovirhinis, M. canis, and the avian isolate Mycoplasma sp. strain M209/78 did all group in the M. lipophilum cluster (Fig. 1) . M. meleagridis formed one subcluster with M. californicum, Mycoplasma agalactiac, and M. fermentans (Fig. 1) . However, these three species show different biochemical reactions. M. hyopharyngis formed a second subcluster with M. lipophilum (Fig. 1) . These two species are arginine hydrolyzers. M. bovirhinis, M. canis, and Mycoplasma sp. strain M209/78 formed another subcluster of the M. lipophilum cluster (Fig. 1) . These three species are glucose fermenters.
The automated direct solid-phase DNA sequencing strategy with T7 DNA polymerase can be used for efficient generation of sequence data of rRNA genes within one working day. Primary data with more even peak heights are obtained by sequencing with T7 DNA polymerase than by other sequencing methods such as cycle sequencing. This technique will, therefore, be the method of choice to screen for microheterogeneities (21) between rRNA operons. Furthermore, the method is suitable for many diagnostic applications in bacteriology, and will be particularly useful when more rRNA sequences have been deposited in the data bases (29) .
